In the last decade, computational analysis of big datasets has facilitated the processing of unprecedented quantities of collected biological data. Thus, automations and big data analyses have been revolutionary in detecting and quantifying subtle phenotypes in cell biological contexts. Analyzing similar quantities of data in larger and more complicated biological systems such as live embryos has been more challenging due to experimental necessities impeding both compilations of data collection and informative analysis. Here we present a streamlined workflow that can quantify cell cycle dynamics in early developing embryos using fluorescently labeled proteins. We benchmark this pipeline using Caenorhabditis elegans (nematode) embryonic development and a fluorescently labeled histone. Using our pipeline, we find that histone proteins are broadly stable in early embryonic development. In sum, we have utilized the large biological and experimental variation associated with quantification of fluorescent proteins in embryonic systems, to quantify nuclear accumulation rate, chromatin incorporation, and turnover/stability of canonical histones during early development.
Introduction 1 2
The ability to measure the quantities and dynamics of chromatin organizing proteins 3 throughout progressive cell cycles has been widely used for decades. Conventional quantification 4 of cell cycle components using either yeast or mammalian cultured cells have taken advantage 5 of the ability to synchronize a culture of hundreds or thousands of cells making it possible to 6 perform western blots from cells all at nearly perfectly analogous stages within the cell cycle [1] [2] . 7
More recently, high resolution and magnification (NA >1, 60x+ magnification) fluorescence 8 microscopy has been utilized as an alternative method of quantifying levels of fluorescently 9
labeled proteins during the cell cycle. One of the advantages of fluorescence microscopy is it 10 allows for the quantification of proteins in live cells, using either fluorescently labeled proteins or 11 active dyes, facilitating protein quantification at the single cell level. Mammalian cell cultures and 12 yeast have been the workhorses of in vivo quantitative fluorescent microscopy, due to the plethora 13 of molecular tools available enabling fluorescent tagging of proteins, insertion of expression 14 vectors, and the introduction of active dyes into cells. They are also ideal for imaging as they have 15 little movement in 3D and have relatively thin vertical profiles, resulting in fluorescent proteins 16 being in close proximity of the coverslip, resulting in a high signal to noise ratio [3] [4] . And their 17 immortal, synchronous, and symmetric cell cycles make statistical analysis of the data easy to 18 perform; much of which now can be automated [5] [6] . 19 20 In order to measure histone dynamics in embryos, accurate cell cycle quantifications are 21 required. In contrast to the live-imaging of eukaryotic cell cultures, there are several challenges 22 involved in trying to quantify fluorescent proteins in the developing tissues of embryos. These 23 include non-uniform cell architecture (variable sizes and shapes), typically short, rapid cell cycles 24 (followed by increasingly lengthening cell cycles [7] ), an inability to pause or synchronize cell 25 cycles (due to weak cell cycle checkpoints [8] or impermeable eggshells [9] ), and significant 26 movement of cells/nuclei throughout development [10] . 27 28
First developed as a model system by Sydney Brenner, the soil-dwelling, non-parasitic 29 nematode C. elegans embryo has been a workhorse for embryology studies for the past 50 years 30 because of its transparent egg shell and invariant development [11] [12] . In addition, C. elegans 31 was the first organism to be utilized to express the revolutionary fluorescent protein GFP [13] . This 32 precipitated the eventual incorporation of automated tracking of fluorescent proteins throughout 33 development [14] , as has been utilized for other cultured systems, although quantifying the 34 4 fluorescent proteins they track in these systems has lagged. Like many other embryonic systems 35 used in the laboratory [15] , C. elegans embryos have several physical characteristics that make 36 quantification of fluorescence microscopy experiments challenging to perform. First, whereas the 37 phases of mitosis are easy to temporally distinguish do to the condensation and behavior of 38 chromosomes, C. elegans embryos lack conventional gap phases, resulting in unique events 39 between mitoses difficult to temporally distinguish. Second, it is virtually impossible to collect 40 synchronized populations of cells/embryos, precluding bulk biochemical and/or 41 immunofluorescence analyses. Third, C. elegans embryos are ~20-25μm in diameter (in the 42 shortest dimension, ~50um in the long axis), resulting in a large enough volume for cells/nuclei to 43 migrate, either passively through progressive cell cycles, or actively through tissue migration 44 events like gastrulation [12] [16] [17] . This results in exponentially decreasing collection of 45 fluorescence signal from individual cells/nuclei throughout the embryo when using the required 46 high NA optics (NA>1.0) [18] . 47
48
All of this results in data that is much more variable than can be collected from cultured 49 cell data. When using quantification of image data-sets generated using light microscopy to 50 measure protein levels, there are inherently two large sources of variation within the data: 51 biological and experimental. Although there are ways to minimize the amount of biological 52 variability by maintaining consistent imaging and culturing conditions [12] , it is impossible to 53 eliminate true biological variation. Therefore, we focused our analysis efforts on eliminating 54 experimental variation in our analysis in order to create a model of protein dynamics in an 55 "average embryo". In cell culture, where a relatively homogenous group of cells can be 56 synchronized, it is possible to easily average quantifiable information about the cells at specific 57 parts of the cell cycle. It is also possible to sort non-synchronized cells either through similarity in 58 cell cycle progression (every cell progresses through the cell cycle identically allowing post-59 acquisition alignment of data [19] ) or bulk snap shot analysis. Here we have exploited the 60 stereotypical development in C. elegans to create an analysis pipeline to quantify histone 61 dynamics through post-acquisition alignment of data. The C. elegans system facilitates the 62 comparison of multiple differentiated lineages from as early as the 2-cell stage until hatching and 63
has made it possible to analyze embryogenesis using either differential interference contrast 64 (DIC) microscopy or fluorescently labeled proteins [14] . This ease of visibility of all of the cells of 65 the developing embryo has been instrumental in developing our understanding of the spatial and 66 temporal regulation of a plethora of proteins, transcripts, and developmental factors. 67 68 5
To perform post-acquisition alignment of data, we took advantage of C. elegans' 69 stereotypical development by utilizing embryonic equivalence. We define embryonic equivalence 70 as the assumption that in highly stereotypical embryogenesis such as C. elegans [11] [14] , 71 developmentally identical cells between embryos will have equivalent biological measurables; this 72 includes cell cycle length, size, position, protein levels, etc. This embryonic equivalence allows 73 us to average quantifications from multiple embryos in order to reduce experimental variability 74 and build a model of an average embryo. As long as all the timelines share at least one common 75 cellular event, all time-lapses can be both normalized and organized temporally together. 76
Because the length of the cell cycles fluctuates a small amount based on environmental and 77 imaging conditions, we aligned the timelapses to the last time point of a cell's lifespan. In our 78 case, this was determined by the last timepoint when the mitotic chromatin was still one mass, 79
and not divided into two groups during anaphase ( Figure 1A ). This approach has allowed us to 80 quantify histones in early development and could easily be transformed to other cellular 81 components (e.g. microtubules, Golgi, ER, etc.) in C. elegans or other complex cellular systems 82 such as embryos or organoids. To quantify the dynamics and quantities of histones in developing embryos, we utilized a 90 strain of C. elegans that has one copy of H2B (his-58) tagged with mCherry. Each cell cycle, the 91 amount of H2B in each nucleus or incorporated into chromatin is measured over time by 92 fluorescence intensity. We focused primarily on three early lineages; two somatic lineages, AB 93 and E, as well as the germline lineage P ( Figure 1A ). Embryos were imaged within 3D stacks with 94 2-minute intervals for 1-3 hours. Given that later in the pipeline timelapses will be reconstructed 95 and reorganized, multiple non-synchronized embryos can be imaged simultaneously to maximize 96 data gathered per image ( Figure 1B ). Each nucleus of the appropriate lineages from every embryo 97 is quantified, background and bleach corrected (Equations 1-2) and given a timestamp. In order to image the embryos for long periods without significantly bleaching or inducing 114 phototoxicity within the embryos, we took stacks of images through the embryos every two 115 minutes. To overcome temporal under-sampling of the data, we developed a MATLAB macro that 116 automatically explores all the possible combinations of aligning the timelapses in an attempt to 117 decrease the overall standard deviation around the average we had previously generated. This 118 macro allows us to interleave the timelapses by fitting similarly shaped curves closer 119 mathematically [20] (Boudreau et al 2018, in prep). All the timelapses maintain their normalized 120 values, and time-points are maintained at 2 minutes apart. However, the timelapses of each cell 121 cycle are shifted within a 4-minute (±2 minutes) interval by the algorithm either forward (>, >>) or 122 backwards (<, <<) in time ( Figure 1F ). Actual experimental data for the P-lineage are shown in 123 Figure 1G , and somatic E-and AB-lineages in Figure 1H . 124
125
To determine the dynamics of H2B in each cell cycle, we compared the relative last 126 timepoint values of H2B signal derived from our "average embryo" pipeline ( Figure 2B ). To 127 calculate the rate of histone nuclear accumulation during all of the observed cell cycles, we 128 quantified the duration of each cell cycle wherein the nuclear signal rose in minutes (Table 1  129 Columns 1-2). We then normalized all of the timelapses to the relative value at each lineage's 130 representative at the 4-cell stage ( Table 1 Column 3). This number was multiplied by the amount 7 of histone to be added during DNA replication and then divided by the import duration to calculate 132 nuclear accumulation (Table 1 Columns For this calculation we made the assumption that the histones roughly double every cell 137 cycle and that there are roughly 1 million H2B histones added each cell cycle. This is based on 138 C. elegans' 100Mb diploid genome size [21] divided by 147bp wrapped around each histone with 139 an average 50bp [22] DNA linker with 2 H2B histones per nucleosome. Interestingly, we found an 140 exponential decrease of nuclear accumulation rates as cell cycle length increases; a 6.7 min 141 decrease half-life of accumulation for our H2B nuclear accumulation curve indicating that with 142 every 6.7-minute increase to a cell cycle's length, there is a halving of the rate of nuclear 143 accumulation. Given that gross behaviors of histones relative to mitosis were not different between early 148 developmental states (lineages), we turned to a different fluorescent assay, Fluorescence 149
Redistribution After Photobleaching (FRAP). Utilizing the same strain of C. elegans as mentioned 150 above, we focused our efforts on measuring the turnover of histones from the beginning to end of 151 each cell cycle in early embryos. The most common method of measuring protein stability and 152 turnover rates, FRAP involves photobleaching all of the fluorophores in a particular region of 153 interest and quantifying both the quantity and rate of recovered fluorescent signal in that area. 154
Typically, these types of experiments involve an internal non-bleached control. In our case, we 155 wanted to bleach the entire pool of fluorophores in the nucleus, meaning that there would be no 156 corresponding non-bleached homologous region to compare it to. Instead of traditional controls, 157 we used the nuclear signal of non-bleached embryos as our control ( Figure 3A) . 30% remaining). We find that all of the cells of the early embryo examined fall within the 172 experimental error margins around 0%. We also find that this relationship really does not change 173 when we separate the cells based on cell cycle length/developmental stage instead of cell cycle 174 ( Figure 3E ). From the FRAP curves, we can also calculate the rate at which the signal recovers 175
in each cell cycle [23] ( Figure 3F Here we have used a quantitative microscopy analysis pipeline to investigate histone 189 dynamics in early embryonic development. As genome activity changes, so does histone stability; 190 transcriptionally silent regions have more histone stability [24] [25] . In C. elegans embryos, 191 transcription is activated in varying lineages at differing times [26] , thus it could be possible to 192 detect these changes by probing histone population dynamics. We have found that gross histone shows that histones in rapidly dividing embryonic cells follow expected behaviors. 198
199
One persistent complication to studying protein dynamics in embryos using light 200 microscopy is the large amount of experimental variability that is added into any quantitative 201 analysis attempted. Because the cells in a developing embryo are more demanding in their 202 preferred environmental conditions than traditional cell cultures, creating an ideal quantitative 203 environment has been a challenge for quantitative microscopists. In order to generate an 'average 204 embryo', we found that normalizing, aligning, and averaging of many individual embryo timelapses 205 is an effective way to understand the dynamics of cell cycle proteins throughout early embryo cell 206 cycles. The resulting analyses can be differentially organized to answer specific biological 207 questions. In our case, we were able to create models of 'average embryos' in early C. elegans 208 embryos and describe the protein dynamics of individual cells/lineages. Utilizing our quantification 209 and analysis pipeline, we focused our efforts on determining how H2B levels fluctuate throughout 210 the cell cycles of developing lineages in the early embryo. We chose H2B as our initial protein to 211 start with given that it is an incredibly well conserved protein across phylogeny [27] with well 212 characterized cell cycle dynamics and characteristics [28] . 213
214
Although our fluorescent histone is driven by a germline specific promoter (pie-1), it is 215 unclear why such a strong and consistent amount of signal is present in all of the somatic cells [29] . 216
We predict that it is most likely due to a large amount of maternally loaded mRNA in the zygote 217 that is utilized by the embryo. Alternatively, the promoter itself is 'leaky', meaning there is 218 transcription of the gene even where we wouldn't predict any to be. This could explain why in the 219 germline (P) lineage analysis there is a slight increase in the amount of fluorescent histone 220 incorporated into the chromatin at metaphase in the later cells, and this is not seen in the other 221 somatic (AB and E) lineages ( Figure 1D -E and Figure 2A ). This promoter could also explain why 222 we see an 'overloading' of fluorescent histone into the nucleus, which then dissipates into the 223 cytoplasm upon NEBD. These 'extra' histones are not deleterious to mitotic fidelity as we see no 224 impact on hatch/growth rate or incidence of males in this strain of worms (data not shown) [30] . 225
We also note that even though the levels of the histone are different between the different 226 lineages; although, each lineage is normalized to itself, allowing us to correct for these 227 differences. Despite these potential limitations to our system, we find that the dynamics and 228 characteristics of H2B in this system behave as we would predict them to. 229
230
We confirmed that throughout all of the cell cycles analyzed in early development, there 231 was the expected rise of nuclear levels within each cycle cell from beginning to end. This rise in 232 nuclear levels of canonical histones is always associated with S-Phase, when histones are 233 transcribed, translated, and imported into the nucleus for incorporation into newly replicated 234 chromatin. In C. elegans we see the rise occurring in the very early part of each cell cycle, usually 235 occurring within the first ten minutes of the beginning of each cell cycle. Given that all of the early 236 cells in the embryo are not known to have any GAP phases, instead, DNA replication takes the 237 entirety of the interphase cell cycle, it makes sense that we would see histones begin to 238 accumulated in the nucleus so quickly after mitosis terminates. 239
240
We also find that the data alignment application results in smoother curves (when n is high 241 enough) that are potentially more biologically realistic than the data aligned strictly by their time-242 points. However, the somatic cell cycles, which were composed of smaller datasets, had averages 243 that seemed more susceptible to outliers, especially near the beginning and ends of the 244 timelapses. This is because as the program explores all the possible ways to shift the timepoints 245 of the datasets, it might reduce the standard deviation around the mean, but may cause points at 246 the beginning or end of the timelapses to stick out in the average. 247 248 FRAP analysis showed that using unbleached embryos as a control group are sufficient 249 to calculate turnover in our system. We find that although there is variation in the quantity of 250 fluorescent histones measured per cell, overall the average in the controls is double the starting 251 value, which is consistent with our understanding of canonical histone incorporation. Unless there 252 is a significant change to the genome size, there will not be a change in the quantity of histones 253 that are needed to be reconstituted each cell cycle. Because the controls were all imaged 254 identically, they were averaged together to create a Final (Control) value. Because each 255 photobleached embryo was bleached to a different percent of its original signal (due to movement 256 of the nucleus during the bleaching process) each time lapse was one Final (FRAP) value. From 257 these calculations and the fact that our average bleach efficiency of the original signal was around 258 70%, we found that all of the turnovers fell within that error margin. So, although there may be 259 some amount of turnover, it's not obviously apparent exactly how much that is, although we 260 definitely do not have a complete recovery of signal as would be expected for a turnover of 100%. 261
The stability of the histones means that the short and relatively unchanging recovery rates are a 262 reflection of how long the turnover takes from the beginning after the cell cycle starts, and the 263 time it takes to completely turnover does lengthen slightly with the lengthening of the cell cycle. 264
With the exception of a few outliers, there really isn't any strong correlation in any of the plots, 265
suggesting that turnover is quite stable during the first few cell divisions and between lineages. 266
We suspect that the histones are relatively stable in these early cell divisions because there is 267 little to no detectable transcription occurring during any of the cell cycles that we performed FRAP 268 experiments on. We predict, that if we were able to perform the FRAP experiments in the much 269 longer somatic lineages (P-lineage has no transcription [31] ) that we might see some measurable 270 turnover of the histones. 271
272
Overall, we find that utilizing an extremely well-studied protein in a very well understood 273 model system has been ideal for creating an embryonic experimental system where we can 274 combine techniques from a variety of well-established cell cycle analysis pipelines for exploring 275 protein dynamics and turnover. The analysis pipeline we have described here can be applied to 276 any fluorescently labeled protein with a reasonable signal to noise ratio. It can be utilized in 277 systems were temporal and spatial resolution are not cutting edge, or in systems where traditional 278 synchronization and bulk biochemical analyses have been unable to be performed before. 279
Although there is a larger amount of variation within the data than is usually appreciated in these 280 types of experiments, information about the biology of these systems can still be produced, 281
interpreted and appreciated despite their 'setbacks'. 
C. elegans strains 286
Worms were cultured and imaged at 20°c on OP50 seeded agar plates as described in 287
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